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ABSTRACT 


This report presents the analysis performed on the soft X-ray telescope (SXT) to determine 
the correct thickness of the spacer to position the CCD camera at the best focus of the 
telescope, and to determine the maximum uncertainty in this focus position due to a 
number of metrology and experimental errors, and thermal and humidity effects. This type 
of analysis has been performed by the SXT prime contractor, Lockheed Palo Alto Research 
Lab (LPARL). The SXT project office at MSFC formed an independent team of experts to 
review the LPARL work, and verify the analysis performed by them. Based on the 
recommendation of this team, the project office will make a decision if an end to end focus 
test is required for the SXT prior to launch. 

The metrology and experimental data, and the spreadsheets provided by LPARL are used 
as the basis of the analysis presented in this report. The data entries in these spreadsheets 
have been verified as far as feasible, and the format of the spreadsheets has been improved 
to make these easier to understand. The results obtained from this analysis are very close 
to the results obtained by LPARL. However, due to the lack of organized documentation, 
the analysis uncovered a few areas of possibly erroneous metrology data, which may affect 
the results obtained by this analytical approach. 
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1. BACKGROUND 


The Soft X-ray Telescope (SXT) is being built by Lockheed Palo Alto Research Laboratory 
(LPARL) for NASA Marshall Space Flight Center (MSFC). The mirror assembly of SXT 
has been built by United Technologies Optical Systems (UTOS). This telescope is scheduled 
to be launched on a Japanese satellite along with other instruments as part of Solar-A 
experiment. 

The original plan was to do an end to end test of the SXT prior to launch at MSFC X-ray 
calibration facility. This facility is currently being modified for AXAF, and is consequently 
not available. The LPARL and MSFC project office personnel felt that the correct focus 
setting for the SXT can be determined analytically based on the metrology of the flight part, 
and the results of a previous X-ray test performed at MSFC in June 1989. 

A review team consisting of MSFC Optics Branch personnel was formed at the end of 
November 1990 to evaluate the feasibility of setting the SXT focus analytically on the basis 
of metrology data and other documentation provided by LPARL. This review team was 
assisted by an optomechanical expert from the Center for Applied Optics (CAO) at 
University of Alabama at Huntsville (UAH). A meeting was held at Palo Alto, CA on 
December 3 & 4, 1990 with LPARL to review the documentation and metrology data for the 
flight parts as provided by LPARL. 

The review team has made independent calculations of the error budget, and the thickness 
of the CCD spacer to position the camera at the best focus position based on the data 
provided by LPARL. The results obtained are quite close to the LPARL results, but due to 
the lack of organized documentation, and the metrology data that was not independently 
verified at Lockheed facilities, a significant uncertainty and doubts exist about the validity 
of the results obtained by this analytical approach. 

This report consists of the spreadsheets for focus error analysis and calculation of the flight 
CCD spacer thickness. The issues relating to the accuracy of the data used in the 
spreadsheets are also discussed. 
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2 . SXT FOCUS ERROR ANALYSIS 


2.1 SOURCES OF FOCUS ERROR: 

The major components of SXT are shown in figure 1. As it consists of a number of critical 
optical and mechanical parts fabricated to precision tolerance, it is important to deter min e 
the magnitude of the uncertainty in the focus position due to metrology and experimental 
errors. In this section, the major sources of focus error are identified, and the resulting 
uncertainty in the focus position is predicted. 

The two major categories of errors are: 

A. MSFC Test #2 Errors: 

An end to end focus test was performed on SXT to determine the focal length at 
MSCF in June 1989. In this test, an engineering model metering tube and CCD 
camera were used. These errors determine the accuracy of the focal length calculated 
from MSFC Test #2 results. 

B. Metrology errors in flight parts: 


The SXT has been disassembled and reassembled several times since the June 1989 
test. Most of the major parts were made new for the flight unit. The errors in these 
determine the accuracy of the desired focal length that will be achieved in the orbit. 


2.2 FOCUS ERROR SPREADSHEET: 

The data used in this spreadsheet was obtained directly from the documents supplied by 
LPARL. The spreadsheet supplied by LPARL was used as the baseline. The following list 
provides the reference for each entry in the spreadsheet. 

A. MSFC TEST #2 ERRORS: 

1. Error in focus location by Hartmann test. Used LPARL number. 

2. Focal length correction for the source @ finite distance. Used LPARL number. 

3. Effective focal length correction. Used LPARL number. 

4. Temperature uncertainty in calibration/metrology of MSFC assembly. 

- Refer to Design Notes: 36, P:1 & 2 

45, P:1 
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5. Length of beamline. Used LPARL number. 

6. "Best focus" spacer thickness. 


- Cannot find ref: JRL note of 9/15/90. Used LPARL number. 

7. Uncertainty in CCD focal plane inset from the mounting feet. 

- P: 2 of CCD Camera Metrology report, dated 10/2/89 (SXT8E056) 

8. Tube #2 hydration uncertainty. 

- Design Note: 50, P:1 & Table: 1 

9. "Wire pinch" problem. 

- Design Note: 50, Fig:5 

10. Flatness error in forward support plate. 

- Design Note: 50, P:1 & 2, Table:2 & Fig:6 

11. Metrology accuracy in metering tube group (July 1989) 

- Cannot find MEB 9/17/90 reference. 

12. Mounting pads to mirror joint distance. 

Original UTOS drawing indicates ± 0.020" tolerance, LWA memo of 1 1/ 16/90 (items 
#9 & 10) indicates that actual tolerance may be better than ±0.005". 

NOTE: 

Errors # 1,2, 3, 5 & 12 are optical in nature & must be verified by MSFC personnel. 

B. ERRORS IN FLIGHT PARTS: 

1. Temperature uncertainty in metrology of metering tube group. 

- Refer to Design Notes: 36, P:1 & 2 

45, P:1 
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2. Uncertainty in the value of coefficient of thermal expansion of structure. 

- Design Note: 45. P:1 

3. Orbit temperature uncertainty. 

- Design Note; 45, P:1 

4. Uncertainty in CCD focal plane inset from the mounting feet. 

- P: 4 of CCD Camera Metrology report, dated 08/27/89 (SXT8E065) 

5. Tube #5 hydration uncertainty. 

- P:3 of Feinstein handout at 12/3/90 meeting. 

6. Metrology accuracy of metering tube group (September 1990). 

- Cannot find any reference. 

7. Mounting pads to mirror joint distance. 

- Same as Error #12 of section A. 

8. Metrology of flight CCD spacer. 

- Loren’s spreadsheet dated 9/15/90. 

9. Metrology of fiberglass (G-10) washers (compressed). 

- Loren’s spreadsheet of 9/15/90. 

10. Lapping of flight CCD spacers. 

- Flatness tolerance on the drawing per Bruce. Drawing not available. 
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RSS defocus for MSFC Test #2 



SPREADSHEET FOR ESTIMATING THE FOCUS ERROR 
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GRAND TOTAL RSS DEFOCUS 



3 . FLIGHT CCD SPACER THICKNESS 


3.1 SPREADSHEET DATA: 

The calculations in the spreadsheet are based on a number of metrology measurements 
o the parts used in MSFC test#2, and the flight parts that were fabricated subsequently 
Hie machining and measurements of the parts used in MSFC test#2 were done in less 
t an ideal conditions as compared to the flight parts. Moreover, a number of analytical 
formu as were used in the focal length calculations. The validity & the accuracy of these 
ormulas needs to be verified. Some of the metrology data is open to interpretation so 
judgement calls had to be made about the signs, etc. All these factors must be 

considered in judging the accuracy of the thickness of the flight spacer as predicted bv 
the spreadsheet. J 

Some brief comments about the various calculations and measurements used in this 
spreadsheet are as follows: 

1. Length of MSFC X-ray beam (source to mirror joint) has changed slightly because 
the pads to mirror joint distance has changed from 2.035" to 2.05372". Moreover, 
this length is composed of 5 measurements, so it’s accuracy depends on how 
accurately those 5 measurements were made at the time of test (Cells F9-F11). 

The length of metering tube used in MSFC test #2 was measured twice because 
of the wire pinch problem. The second set of numbers (without pinched wire) has 
been used by LPARL in the spreadsheet. It is possible that wire was pinched at 
the time of test. In that case, the first set of numbers should be used (cell D14). 

3. The change in mirror joint to mounting pads distance affects the mirror joint to 
image distance (cells D21 & D22), the finite conjugate correction (cell A28), and 

D33)° Cati ° n thS beSt k* cus w ' th res P ect t0 the mirror pads (cell 

1. The source of mirror remount correction number (cell C42) is not known. There 
was also an uncertainty about its sign at the time of December 3-4, 1990 meeting. 

'■ The CCD inset from the mounting feet for the flight camera (cell C45) is 

calculated by making the measurements using a rather tedious method (LPARL 
report SXT8E065), and then fitting the best planes to the two sets of data. This 
approach is prone to sign and magnitude errors. 

An average thickness of the insulating washers (cell C48) is used. The three 
washers, that will actually be used, can be of different thickness and, therefore 
can introduce tilt errors. 
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7. The desired metering structure length (cell F53) is 0.000185" shorter than the 
previous value because of the change in mirror joint to pads distance. 

8. The number used by LPARL for the measured length of the flight tube (cell C76) 
can not be verified by the metrology data sheets dated 9/14/90. 

9. The desired length is about 0.037547" shorter than the measured length (cell B82) 
due to the reason mentioned in item 7 above. 

10. The slope error calculations are open to a lot of interpretation as far as the signs 
and the calculations of coefficients of the best fitting plane equations. The 
coefficient B & C for the spacer (cells C94 & D94) were calculated by LPARL by 
offsetting the actual X values by 0.1 (supposedly to keep the solution stable). 

11. Hie numbers in cells FI 17 & FI 18 indicate the amount material to be removed 
from the existing spacer. 

12. The required thickness of the flight CCD spacer is 0.98420" at upper screw holes 
& 0.99000" at the lower screw holes (cells F132 & F133). As the "as built" spacer 
is too short by about 0.0005" (cells C138 & C139), a new spacer must be 
fabricated. 
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SPREADSHEET FOR CALCULATING CCD SPACER THICKNESS 


O 


ui 


O 


O 


CO CO 
0 0 


O 

c 

5 

CO 

o> 


00 . 
9 in r- 


E 

o 

C\J 

a 

s 

co 


0 ) 

o 


ID 

o 

UJ II 

5 Jr 

in $ 
in $ 

■ CO 

c 
< 

00 


c 

a> 

o 

"5 


CO 

CNJ 

CO 

s 

a) 8 

0 o 

§ 9 

1 


c J 
o o 
~ m 
O) o 

-§g 

3 O 
0 O 
3 

03 

> 


CO CO 
CO N- 
Tt CO 

h- O 
§ CO 

85 

o o 
o d 


sz 

a 

I 

co 

c 

03 

co 

H 


co 

0 

JZ 

o 


CO 

0 


^ <*> 
O) CD 

0 8 

iS 

o> 


8 

■»— 

o 

8 


0 
o 

03 - 

Q. CO ,1^ 

</> ® 9 

.£ T 

£ in 
^ co 
tt 

O £ J 
O) ^ 

c s s 

§ «8 

E 3 
< 2 


•e 

o 


E 
o 

l*. O) 

S ® 

in (£> 
co 

co £ 

O § 

o o 


co 

x 

O 

X 

CC 

UJ 

UJ 

a. 

O 
— j 

CO 

LL 

O 

z 

O 

H 

< 

—i 

H 

3 

O 

-J 

< 

o 


m 


QC 

o 

a. 

UJ 

cc 

> 

a 

o 

-j 

o 

QC 

H— 

UJ 

2 

a 

a 

a 


UJ 

cc 

> 

o 

+ 

X 

CD 

+ 

< 

II 

N 


Hi 

UJ 

X 

CO 

x: 

x 

O 

5 

CO 

CD 

UJ 


UJ 

CC 


03 

a 

UJ 

H- 

< 

a 


WWW 

c c c 
3 3 3 


O) 

in 

o 

08 

d 


m 

00 

o 

o 

o 


oo r^ 
co in 

00 03 
^ 00 


0 
o 

03 CD _ 
CL 9 
CO 


I s - CD 
CM UO 

5 8 
8 8 
9 9 


-C sz 
o o 
c c 

E E 

=L 3. 

ao in 
cm 

8 2 ? 
t- in 

00 

00 


cm in 

co CO 
1^ o 

'M' CM 
CO 

1 in 


c 

o 


0 

Q. 

O 

CL 

0 

0 

O 

0 

a_ 

CO 


in oo n 

’"Or* 

S r- CM 
CD CD 

. CO o 

< O CO N 
P CO CM 

d 


*a 

c 

0 

X 

a 

o 

o 

c 

Q 

a 

a 


o 

>s 

O) 
o 

2 c- Q 

<5 5 ® H 


« 3 

CO *0 
0 *0 
Q. 0 

-9 c 

CO o 

o cS 

f 8 . 

2 E 

0 O 
CO CJ < 

c c 

S 5 . 9 > 

Q_ if) 

p O ” 

5 c £ 

0^0 
w w £, 

g X S 

Q. 0 


Q 

O 

O 

sz 

o 

c 

r- 

CO 

r*-. 

o 

CO 

— 00 
€ 2 

c o 

■C 0 

it 

1 - 03 

in 

cm 

° 8 

03 
CO tj- 


0 

Ifi S o 
<0 00 2 

N O) J 
t O) w 

co t- c 


■M* CO 


CO 

I 

CD 


0 
o 

Q_ 
O 

0 c 
Is 

< O 


o — 


0 
o 
c 
0 
h. 

— 3 

0 0 O *E 

as u- O O 


cn 


0 

o 

0 

Q. 

cn 


O) 

C 

*2 s 
8 5 

o 0 

< X 


TO 

0 

0 

CO 

c 

0 

Cl 

E 

o 

o 

0 

<0 

3 

E 

CO 

‘x 

0 

> 

3 

£ 

0 


O 

cn 


03 

CL 

o 

03 

d 

03 

LL 

O 

cn 

UJ 

f— 

O 

z 

cn 

QC 

UJ 


3 

X 

CQ 


X 

UJ 

o 

< 

CL 

cn 

UJ 

x 

1 - 

CD 


X 

o 

< 

X 

O 

LL 

LU 

h- 

< 

—I 

X 

LU 

z 

cn 

LL 

o 

o 


E 

o 

k_ 

0 

00 

p 

03 


03 

0 

TD 


TT 

CO 

CM 

o 

o 


u 

c 


CM 

5 

CM 

o 

d 


E I 

cn cn 


0 

O) 

C 

0 

0 

O) ^ 

c S 

a ® 

E 55 

1 o 
0 E 

S i 

j*: ^ 

2 z 

0 00 
n o 

2 e 

8 £ 
fen 

cn 


«ISP £- G0|g)|O|r- CM CO Tj-jinllOlh- 

I r — r^.|h-|co|co co 00 co co loo co 


§ S § 5|d>ld) 


5 * « 


^inioNcooSESSS 10 ®^® 

o>o>o>o>o>o) 2 00000000 


13 


109 

110 AMOUNT OF MATERIAL TO BE REMOVED (M. BRUNNER'S NOTES OF 9/13/90 P 10) 

■4 ■* ■* ' ' 



SPREADSHEET FOR CALCULATING CCD SPACER THICKNESS 
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FORMULAS FOR CALCULATING CCD SPACER THICKNESS 
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FORMULAS FOR CALCULATING CCD SPACER THICKNESS 
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FORMULAS FOR CALCULATING CCD SPACER THICKNESS 
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FORMULAS FOR CALCULATING CCD SPACER THICKNESS 
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4. REVIEW OF LOCKHEED METROLOGY PROCEDURES 


The accuracy of the metrology data for the flight parts is crucial for predicting the 
correct thickness of the CCD spacer that must be installed on SXT prior to launch. The 
calculation of the correct CCD spacer thickness is based on the five measurements listed 
below. Most of these measurements were made by one person using one set of tools. 
These measurements were not independently verified by another person, or by the same 
person using another set of tools or another metrology method. Some of the 
measurements were made with uncontrolled equipment in an uncontrolled environment 
by the LPARL engineering personnel, rather than by the qualified inspectors. 

The specific comments about these five critical measurements are as follows: 


4.1 METERING STRUCTURE LENGTH: 

The graphite epoxy metering tube used in the MSFC test #2 was measured seven times 
on different occasions as shown in table 1. In all cases, the high and low readings, as well 
as their difference was found to be different. We can disregard the first 4 measurements 
and only consider the measurements 5 through 7, which are critical to the results 
obtained from MSFC test #. Even these three readings vary from a low of 53.30686" to a 
high of 53.31446 , i.e. a difference of 0.0076". Some of the causes of this variation are 
hydration uncertainty, wire pinch problem and metrology errors. 


TTie flight tube was measured five times, again all of the measurements were different. 
The measurements #9 and 11 are both pre-bakeout readings, but the highs were 
different by about 0.003” and lows were different by about 0.002". Similar differences 
exist in the post-bakeout readings. One possible explanation for these variations is that 
metrology tools or environment may not have been well controlled. 


4.2 CCD FOCAL PLANE INSET FROM MOUNTING PADS: 

The details of these measurements are discussed in LPARL’s CCD Metrology report 
SXT8E065 dated 27 August, 1990. A tool makers microscope, which did not have long 
enough travel to cover the mounting pads fully, was used. The data was taken in a non- 
certmed environment by engineering personnel using an uncalibrated tool. Also, the data 
is not documented properly, and is therefore, hard to understand. The distance and slope 
between the focal plane and the mounting pads was computed analytically and not 
measured directly. 

The CCD focal plane is mounted on a fiberglass sleeve. The temperature and hydration 
effects were not taken into account by LPARL for calculating this inset. 
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TABLE 1 


Metering Tube Height Measurements Summary 


Before lapping began MT 2 
9 March. 1989 

High 

Low 

Difference 

53,32140 

53.31995 

0.00145 

After lapping MT 2 

4 April. 1989 

High 

Low 

Difference 

53.31528 

53.31506 

0.00022 

After rework due to MT2 
vibration failure 
5 May, 1989 

High 

Low 

Difference 

53.31762 

53.30910 

0.00S52 

After relapping MT2 
9 May, 1989 

High 

Low 

Difference 

53.31480 

53.30884 

0.00596 

After bakeout MT2 
25 May, 1989 

High 

Low 

Difference 

53.31322 

53.30686 

0.00636 

Post MSFC X-Ray test MT2 
5 July, 1989 

High 

Low 

Difference 

53.31386 

53.30784 

0.00602 

Additional metrology MT2 
11 Aug, 1989 

High 

Low 

Difference 

53.31446 
53.3091 1 
0.00535 

Initial metrology MT 5 
13 Nov, 1989 

High 

Low 

Difference 

53.3130 

53.1668 

0.00462 

Pre-bakcout MT 5 
18 Dec, 1990 

High 

Low 

Difference 

53.31965 

53.31170 

0.00795 

Post-Bakeout MT 5 
4 Jan. 1990 

High 

Low 

Difference 

53.31939 

53.30968 

0.00971 

Pre-final bakeout MT 5 
25 July, 1990 

High 

Low 

Difference 

53.31688 

53.313606 

0.003275 

Post-final bakeout MT5 
14 Sept, 1990 

High 

Low 

Difference 

53.31717 

53.31229 

0.00488 
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4.3 THICKNESS OF FLIGHT SPACER. 


The required thickness of the flight spacer is computed in the spreadsheet presented in 
section 3. A slightly oversized spacer was made and measured. To calculate the slope of 
the pads on the "as made” spacer, a spreadsheet (MEB, dated 9/13/90) was used to best 
fit a plane through the 4 pads. LPARL personnel claim that the actual metrology values 
had to be offset by 0.1" to obtain the solution. Moreover, thermal effects due to the 
difference in metrology temperature of 25°C and the actual orbit temperature were 
neglected. 

The 4 pads of the spacer were then ground to achieve the required thickness and the 
correction of the slope errors. The spacer was measured again, and was found to be 
about 0.0005" too short compared to the desired thickness. 


4.4 THICKNESS OF G-10 WASHERS: 

The insulating washers between the CCD camera and the spacer are made from G-10 
(fiberglass reinforced plastic). A number of washers were measured by LPARL 
engineering personnel, and the average thickness was computed. This number was used 
to determine the CCD spacer thickness. In actual practice, the four washers will be of 
different thicknesses, and may introduce small slope errors. 


4.5 MOUNTING PADS TO MIRROR JOINT DISTANCE: 

This measurement was made by UTOS after the mirror had been assembled to its 
mounting ring. The procedure used by UTOS for this measurement is not known, but it 
is an indirect measurement because the mirror joint is an imaginary plane. As a result of 
a vibration problem , the mirror was removed from its mounting ring and rebonded afetr 
the June 1989 test at MSFC. Initially, UTOS reported this number to be 2.05372" ± 
0.005", but later on changed it to 2.035" ± 0.0005", i.e. a change of about 0.019". This 
results in a change of about 0.0002" in the spacer thickness. 
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5. RECOMMENDATIONS 


Based on the information presented in this report, it is highly desirable that an end to 
end focus test be performed on SXT prior to launch, to eliminate some of the 
uncertainties mentioned in section 4. The reasons for this recommendation are once 
again summarized below. 

1. Lack of formal and organized documentation on part of LPARL because it was 
not a contractual requirement, and their engineering personnel were planning on 
a focus test prior to launch. 

2. All the critical flight parts are different from the ones used in MSFC test#2. 

3. The metrology of parts used in MSFC test#2, and some flight parts was 

performed by engineering personnel with non-certified tools in uncontrolled 
environment. 

L The determination of the best focus is based on metrology of a large number of 
parts, and fairly extensive analyses involving a number of assumptions. There were 
uncertainties about the interpretation of the signs of some measurements and the 
slope errors. In some cases, the thermal and hydration effects were neglected. 

This type of approach is usually susceptible to human errors, and can not have the 
same high degree of confidence as a ftill-up test. 

>. Generally, all the metrology on critical flight parts was performed by one person 
using one set of tools, and was not independently verified. 
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